The BHJ is commonly implemented by casting a polymer:-fullerene blend from solution, resulting in distributed junctions between the polymer donor and fullerene acceptor interfaces. Among numerous donor-acceptor groups, poly [N-9 00 -hepta-decanyl-2,7-carbazole-alt-5,5-(4 0 ,7 0 -di-2-thienyl-2 0 1 0 , 3 0 -benzothiadiazole)(PCDTBT): [6, 6] -phenyl-C 71 -butyric acid methyl ester (PC 70 BM) blend has been widely employed into the fabrication of cell devices, demonstrating a high power conversion efficiency (PCE) of 10.2%. 4 But it still lags behind the commercial application level and there are many challenges to overcome on the way to competitively efficient devices, including the need for a detailed knowledge of charge transport and spectrum utilization. Much effort have been made in recent years to pursue polymer solar cells exhibiting high PCE, such as designing low-bandgap organic semiconductor, [5] [6] [7] developing novel device structure, [8] [9] [10] and optimizing the film morphology. [11] [12] [13] Although the perceived advantages of polymer solar cells are attractive, the efficiency of polymer solar cells (PSCs) is still limited by efficient hopping charge transport, and charge transport is further hindered by the presence of structural traps in the form of incomplete pathways in the percolation network. Different methods have been taken to enhance charge carrier mobility and charge collection efficiency without decreasing the thickness of active layer, so to avoid reduction of light absorption. 14, 15 Active layer doping has been proven an effective way to improve light harvesting and charge carrier transport of polymer solar cells. 16, 17 The presence of dopant in active layer provides an interface for charge transport. The additive can remove ubiquitous electron traps such as oxygen and enables the formation of percolation pathways for charge transport. Introduction of dopants in active layer is easy to implement due to its simple process and low cost. Some organic molecules, 18, 19 metal nanoparticles (NPs), 20, 21 rare-earth NPs, 22, 23 and inorganic quantum dots 24, 25 have been doped into PSCs and further advanced their PCEs.
In this study, we doped poly(9,9-dioctylfluorenyl-2,7-diyl) (PFO) into PCDTBT: PC 70 BM solution to fabricate active layer, and various concentrations were selected to optimize the cells performance. PFO was purchased from American Dye source and dissolved in tetrahydrofuran (THF) to obtain stock solutions of 1.0 mg/ml. A solution (3 ml) of PFO (80 ppm) was injected quickly into deionized water (10 ml) under sonication. The THF was removed by nitrogen (N 2 ) flowing under heating, followed by filtration through a 0.2 lm filter to remove larger aggregates, then concentrated by heating to get PFO dots (Pdots). The concentration of finally prepared Pdots solution was 1 mg/ml. Pdots solution of 5 ll, 10 ll, 20 ll, and 30 ll were added into each 1 ml 1,2-dichlorobenzene (DCB) solution composed of PCDTBT and PC 70 BM, corresponding weight ratios (wt) of Pdots and PCDTBT:PC 70 BM blend are 0.014 wt. %, 0.029 wt. %, 0.057 wt. %, and 0.086 wt. %, respectively. The devices with the structure of indium tin oxide (ITO)/nanocrystal titanium dioxide (nc-TiO 2 )/PCDTBT: PC 70 BM: Pdots/ molybdenum oxide (MoO 3 )/silver (Ag) were prepared with different amounts of Pdots. 26, 27 The cells without and with 5 ll, 10 ll, 20 ll, and 30 ll PFO are named as devices A, B, C, D, and E, respectively.
As an initial study, we examine the influence of Pdots on the morphological properties of the photoactive layer. Figs. 1(a) and 1(b) show 1 lm Â 1 lm Atomic Force Microscope (AFM) images of active layers without and with 0.029 wt. % Pdots. For pristine active layer, the film surface exhibits relatively smooth and featureless structure, which is similar to the observation reported previously. Table I .62%, and 6.30% were also obtained. Fig. 3 shows the incident photon-to-current conversion efficiency (IPCE) spectra of optimized devices. It can be seen that the IPCE of control and doped cells is significantly different despite they possessed the same structure and experiment condition. The maximum IPCE value of 72% for doped cells appears at 460 nm, while that of the control device is 61% existing at 550 nm. The spectral response of the doped devices becomes stronger as a result of Pdots doping. Meanwhile, IPCE locating in the region of 350-550 nm is significantly enhanced. The net gain of light harvesting leads to significant photocurrent increase.
In order to verify how Pdots affects the optical property of doped devices, the absorption and reflection spectra of devices with different amounts of Pdots were measured first. Fig. 4(a) shows that the doped devices possess stronger absorbance than control device at the range of 300-1100 nm, and the absorption of doping cells also gradually enhances with the increase of Pdots. The following possible reason may explain the improved absorption resulting from incorporating Pdots, which is the optical path length in the active layer can be increased because light was trapped through multiple and high-angle scattering by Pdots. Fig. 4(b) demonstrates that the reflection of doping devices was significantly weakened, which is fairly consistent with Fig. 4(a) . To explore charge carrier transport property of doped cells, we fabricated hole-and electron-only devices and the charge carrier mobilities were also calculated. carrier devices were measured at the voltage range of 0-8 V in dark. Fig. 5 exhibits J-V characteristics of hole-only ( Fig. 5(a) ) and electron-only ( Fig. 5(b) ) devices. The current density of doped devices is larger than control device, and it is well agreement with the data in Fig. 2 . The current density mainly depends on the directional movement of electrons under the driving bias in dark, so doped cells possess better capacity for electron transport. In order to make a realistic evaluation on the enhancement of charge transfer, charge carrier mobilities were calculated from space charge limited current (SCLC) model. At a typical applied voltage of 1.0 V, corresponding to an electric field of 10 5 V cm À1 across the bulk of a 100 nm active layer, apparent hole mobilities of 2.98 Â 10 À5 cm 2 V À1 s À1 and 1.42 Â 10 À4 cm 2 V À1 s À1 were got for devices without and with 0.029 wt. % Pdots doping, mobilities of other devices fall in between these two values and summarized in Table II .
To investigate the effect of Pdots on exciton generation and dissociation, dependence of the photocurrent density (J ph ) on the effective voltage (V eff ) on a double-logarithmic scale was investigated, which was shown in Fig. 6 . J ph is determined as J ph ¼ J L À J D , where J L and J D are the current density under illumination and in dark, respectively. V eff is determined as V eff ¼ V 0 À V, where V 0 is the voltage at which J ph ¼ 0 and V is the applied bias voltage. 29 It is observed in Fig. 6 that J ph linearly increases at a low value of V eff , which tends to saturate at a sufficiently high value of V eff . Assuming that all the photogenerated excitons are dissociated into free charge carriers and collected by electrodes afterward at a high V eff region, 30, 31 the result exhibits the free charge concentration of doping device is higher than control device, then saturation current density (J sat ) is only limited by total amount of absorbed incident photons. Meanwhile, the maximum exciton generation rate (G max ) could be calculated from J sat ¼ e Â G max Â L, where e is the electron charge and L is the thickness of active layer. When an apparent enhancement of G max occurred after Pdots incorporation, it suggested light trapping was greatly enhanced. In addition, J ph increased faster for the doped device at low value of V eff , indicating that Pdots addition made a positive effect on charge generation and dissociation.
A reasonable approach to overcome PCE limitation of low hole mobilities is to introduce high-mobility materials as additives in the active layers, which leads to the decrease in the injection barrier, making it less sensitive to the chosen contact. 32 The hole mobility of PFO is about 9.0 Â 10
, which is two orders of magnitude higher than those of conventional PSCs, contributing to the increase of hole mobility in doped devices. At the same time, we can see that the highest occupied molecular orbital (HOMO) levels of PCDTBT and PFO are close and the energy difference is little, which can lead a pronounced enhancement of the hole mobility in the devices. The incorporation of PFO dots may increase the exciton generation rate and the dissociation probability in a low band gap PCDTBT:PC 71 BM blend using molecular doping, by which interfacial recombination via charge transfer excitons is suppressed, leading to a high hole concentration. 33 High hole concentration will cause a strong local field and an obvious diffuse effect, which accelerate the transport rate of hole in the devices. The introduction of a little amount of Pdots can lead to a significant increase of the PCEs of PCDTBT/PC 71 BM-based PSCs from 5.84% to 7.15%, which is mainly due to the remarkable increase in the hole mobilities of the devices. Fig. 7(a) shows the dark current versus bias characteristics for devices A and C. The diode rectification ratio is apparently enhanced for Device C, indicating that doping significantly decreases the shunt resistance, 35 which contributes to the J sc improvement. This suggests that the electron-dominant charge transport in active layer is drastically altered after adding Pdots. Fig. 7(b) exhibits the impedance of devices A and C with the frequency range from 20 Hz to 1 MHz, and series resistance of Device C reduced. It can be generally accepted that the injection barrier will decrease after doping of conducting polymers. As a result, the bias is mostly applied on the active layer than that on the resistance across the contacts. Lowering resistance undoubtedly helps reduce current losses across the contacting materials. 31 In conclusion, Pdots doping in active layer has been investigated so as to re-envisage its effect on the performance improvement in PSCs. Under a doping concentration of 0.029 wt. %, the J sc and FF for PCDTBT:PC 70 BM based solar cells receives a considerable increase, leading to an ultimate enhancement of PCEs from 5.84% to 7.15%. We attribute the improvement to primarily increase of light absorption and charge carrier mobility. Meanwhile, resistance of finished devices and surface topography achieve an apparent improvement. All of these are beneficial for the efficiency enhancement of PSCs. Our results allow further insights into the role of polymer dopants in affecting the operation of PSCs. 
